Multiple Roles for Hepatocyte Growth Factor in Sympathetic Neuron Development  by Maina, Flavio et al.
Neuron, Vol. 20, 835±846, May, 1998, Copyright 1998 by Cell Press
Multiple Roles for Hepatocyte Growth Factor
in Sympathetic Neuron Development
et al., 1996; Wong et al., 1997; Yamamoto et al., 1997),
promotes the survival of midbrain dopaminergic neu-
rons (Hamanoue et al., 1996), and cooperates with nerve
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growth factor (NGF) in enhancing the survival of DRG*European Molecular Biology Laboratory
neurons and promoting the growth of axons from theseMeyerhofstrasse 1
neurons in vitro (Maina et al., 1997). Accordingly, mouse69117 Heidelberg
embryos carrying a signaling mutant of Met (metd/d) haveFederal Republic of Germany
fewer DRG neurons than wild-type neurons and have²School of Biological and Medical Sciences
much shorter, less branched sensory nerves in vivo.University of St. Andrews
The biological activity of Met depends on the pres-St. Andrews
ence of two phosphotyrosine residues in the carboxy-Fife KY16 9TS
terminal region that act as multifunctional docking sitesUnited Kingdom
for SH2-containing effectors and activate an array of
transductional pathways (Ponzetto et al., 1994). Muta-
tion of both tyrosine residues in the mouse genomeSummary
(metd/d) is lethal and causes defects identical to the phe-
notype of met null mutants (Maina et al., 1996).We have studied the role of hepatocyte growth factor
Neuroblast proliferation, differentiation, and survival(HGF)/Met signaling in the development of sympa-
during the early stages of neuronal development arethetic neuroblasts and neurons. Anti-HGF antibodies
easily studied in paravertebral sympathetic ganglia.reduced the number of sympathetic neuroblasts that
These ganglia can be dissected from mouse embryosdifferentiated into neurons, but neither anti-HGF an-
as early as embryonic day 12.5 (E12.5) when the gangliatibodies nor HGF affected neuroblast proliferation.
consist predominantly of proliferating neuroblasts. TheseAnti-HGF antibodies also reduced the survival of neu-
dividing cells exhibit a variety of neuronal characteris-roblasts but not sympathetic neurons. HGF greatly
tics, including catecholamines (Cohen, 1974); dense-enhanced the neurite outgrowth of NGF-dependent
core vesicles; high affinity noradrenaline uptake (Roth-sympathetic neurons throughout development. These
man et al., 1978); tyrosine hydroxylase (Rothman et al.,in vitro effects of anti-HGF antibodies and HGF were
1980); tetanus toxin receptor (Rohrer and Thoenen,abolished by a disabling mutation of Met, the HGF
1987); neuron-specific antigens SCG10, B2 (Andersonreceptor tyrosine kinase. The Met mutation also in-
and Axel, 1986), and Q211 (Rohrer and Thoenen, 1987);
creased sympathetic neuroblast apoptosis in vivo. Be-
neurofilament protein (DiCicco-Bloom and Black, 1988);
cause Met and HGF are expressed in sympathetic gan-
and short neuritic processes (DiCicco-Bloom et al.,
glia throughout development, it is possible that the
1990). These proliferating, neuron-like cells have been
multiple effects of HGF/Met signaling on sympathetic termed precursor cells (Anderson and Axel, 1986), neu-
neuroblasts and neurons occur in part by an autocrine roblasts (DiCicco-Bloom and Black, 1988), and imma-
mechanism. ture neurons (Ernsberger et al., 1989a). To distinguish
these proliferating cells from postmitotic neurons, we
Introduction will use the term neuroblast.
Sympathetic neuroblasts and postmitotic sympa-
Hepatocyte growth factor (HGF) is a pleiotropic factor thetic neurons initially survive in culture in the absence
that exerts a variety of effects on many cell types during of added neurotrophic factors. With embryonic age, an
development and throughout life. Gene targeting experi- increasing proportion of sympathetic neurons become
ments in mice have shown that HGF and its receptor, the dependent on NGF for survival. The first neurons start
Met tyrosine kinase, are required for the development of responding to NGF at E14 and almost all are dependent
the placenta, liver, and skeletal muscle of the limbs and on NGF by E18 (Wyatt and Davies, 1995). Between E16
trunk (Bladt et al., 1995; Schmidt et al., 1995; Uehara et and E18, the survival of a small percentage of sympa-
al., 1995; Maina et al., 1996). HGF promotes the survival thetic neurons additionally becomes dependent on a
and proliferation of a number of cell types and stimulates supply of NT-3 in vivo (Wyatt et al., 1997), and thepropor-
cell migration and the dissociation of epithelial sheets tion of NT-3±dependent neurons increases in the post-
(Gherardi and Stoker, 1991; Brinkmann et al., 1995). Met natal period, during whichmost neurons become depen-
expression has also been observed in various structures dent on both NT-3 and NGF for survival (Levi-Montalcini,
of the embryonic and postnatal nervous system, includ- 1987; Crowley et al., 1994; Ernfors et al., 1994; Smeyne
ing migrating neural crest cells, spinal cord motoneu- et al., 1994; Zhou and Rush, 1995; Fagan et al., 1996;
rons, and dorsal root ganglion (DRG) neurons (Sonnen- Davies, 1997; Wyatt et al., 1997). The onset of NGF
berg et al., 1993; Jung et al., 1994; Andermarcher et al., responsiveness is correlated with a marked increase in
1996; Maina et al., 1997). HGF is a chemoattractant and the expression of the NGF receptor tyrosine kinase,
survival factor for spinal motor neurons in vitro (Ebens TrkA, which also mediates the response of the neurons
to NT-3 (Davies et al., 1995; Wyatt et al., 1997). Here,
we show that HGF enhances the survival and differentia-³These authors contributed equally to this work.
§To whom correspondence should be addressed. tion of sympathetic neuroblasts in vitro and that Met
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Figure 1. HGF and Met Expression in SCG Sympathetic Neurons
(A) Representative autoradiographs showing the results of RT-PCR of total RNA from E13±E18 SCG using 32P-end±labeled PCR primers
specific for either Met, HGF, or GAPDH. All three cDNAs were amplified in separate PCR reactions from the same set of reverse transcription
reactions. Quantitative, competitive RT-PCR for GAPDH mRNA shows that each RNA sample contains almost equal amounts of mRNA for
this housekeeping protein. The lower GAPDH RT-PCR product (128 bp) is derived from GAPDH mRNA, whereas the upper RT-PCR product
(132 bp) is derived from a GAPDH competitor cRNA added in equal amounts to each reverse transcription reaction. The ratio between both
RT-PCR products can be used to calculate the level of GAPDH mRNA in each total RNA sample. Lane C shows the RT-PCR products, with
each set of PCR primers, of a control where the reverse transcription reaction contained total RNA from SCGs of each age but no reverse
transcriptase. This control demonstrates that the total RNA samples contained no genomic DNA.
(B±E) Immunofluorescence of SCG explants ([B] through [D]) and dissociated sympathetic neurons from SCG (E) from E14.5 metWT/WT mutant
embryos cultured in the presence of NGF plus HGF and stained with an affinity-purified polyclonal antibody against human Met protein.
Because these mutant mice carry the human cDNA in the met locus, the resulting chimeric Met protein can be specifically recognized by the
anti-human Met antibodies against the unique carboxy-terminal peptide. Note the expression of Met receptors in the neurites, the growth
cone and the cell body of the neurons ([D] and [E]). The Met signal is completely blocked with the immunizing peptide antigen (B). The ganglion
shown in (B) is visualized by staining with DAPI (C). Magnification, 3203 in (B) through (E).
signaling is required for sympathetic neuroblast survival and cell bodies of dissociated sympathetic neurons (Fig-
ure 1E) that were grown with NGF and HGF. The positivein vivo. HGF also cooperates with NGF in enhancing
sympathetic neuron axonal growth. These results indi- staining obtained with the anti-human Met antibodies
was competable with the corresponding peptide usedcate that HGF plays several distinct roles in sympathetic
neuron development at different embryonic stages. as antigen (Figures 1B and 1C), as previously described
on DRG explants (Maina et al., 1997).
These observations raised the possibility that HGFResults
plays a role in the development of sympathetic neuro-
blasts and neurons. We therefore carried out a seriesSympathetic Ganglia Express HGF and Met
of experiments to investigate the role of HGF on theA semiquantitative RT/PCR was used to screen a variety
proliferation and differentiation of neuroblasts and onof embryonic mouse tissues using oligonucleotide prim-
the survival and growth of sympathetic neurons at differ-ers specific for Met and HGF mRNA. Specific amplifica-
ent stages of development in vitro. Because HGF mRNAtion products were present in the superior sympathetic
is expressed in developing sympathetic ganglia, weganglia (SCG). These mRNAs were detected as early
used function-blocking anti-HGF antiserum to inactivateas E12.5, when the SCG consist mainly of proliferating
HGF produced in some cultures and compared sympa-neuroblasts, and were expressed throughout embryonic
thetic neuron development in these cultures with cul-development (Figure 1A). To determine if the Met recep-
tures supplemented with HGF.tor is expressed by developing sympathetic neurons,
we immunostained with antibodies against human Met
HGF/Met Signaling Accelerates the DifferentiationSCG explants and dissociated sympathetic neurons de-
of Sympathetic Neuronsrived from metWT/WT mutants, which carry the human
Sympathetic neuroblasts are proliferating neuron-likecDNA in the met locus (Maina et al., 1996). Met expres-
sion was observed in neurites emerging from SCG ex- cells that make up the majority of cells in early sympa-
thetic ganglia (Rothman et al., 1978, 1980; Rohrer andplants (Figure 1D) and in the neurites, growth cones,
Met Signaling in Sympathetic Neuron Development
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Figure 2. HGF Accelerates the Differentia-
tion of Sympathetic Neurons
(A) Phase contrast micrograph shows two
representative postmitotic sympathetic neu-
rons with spherical cell bodies and long neu-
rites (top and bottom) and a dividing sympa-
thetic neuroblast with dark-stained cell bodies
and short processes (arrow). SCG dissected
neurons from E14.5 embryos were cultured
for 20 hr in the presence of NGF. Magnifica-
tion, 4003.
(B) Percentage of E13.5 SCG sympathetic
neuroblasts that differentiate at intervals in
culture. SCG from E13.5 embryos were tryp-
sinized, dissociated, and cultured without ad-
ditives (control) with 1.25 mg/ml of anti-HGF
or with 10 ng/ml of HGF. Anti-HGF causes a
significant decrease in the number of neuro-
blasts that differentiated into neurons com-
pared with control cultures or in the presence
of HGF. There was no significant increase in
neuroblast differentiation in the presence of
HGF compared to control culture.
(C) Percentage of E12.5, E13.5, and E14.5
SCG sympathetic neuroblasts that differenti-
ate after 24 hr in the presence of anti-HGF or
HGF.
(D) Percentage of E13.5 SCG sympathetic
neuroblasts from wild-type and metd/d em-
bryos that differentiate after 24 hr. There were
no increases in the number of neurons in
HGF-supplemented and anti-HGF±supple-
mented cultures established from metd/d em-
bryos. The mean and standard errors of serial
numbers of differentiated neuroblasts of be-
tween 75 and 165neurons ineach experimen-
tal group (compiled from three to four sepa-
rate experiments) are shown.
Thoenen, 1987). They have distinctive morphologies in and E14.5 SCG 6 hr after plating, and the proportion of
these neuroblasts that differentiated into neurons wasculture with respect to postmitotic sympathetic neu-
rons. Whereas sympathetic neuroblasts possess small, monitored at regular intervals thereafter. As shown in
Figure 2B, anti-HGF antibodies caused a marked de-phase-dark, often irregularly shaped cell bodies and
short neurites, postmitotic sympathetic neurons have crease in the number of neuroblasts that differentiated
into neurons compared with control cultures and cul-larger, spherical, phase-bright cell bodies and long
neurites (Figure 2A). The fate of each cell type was fol- tures that were supplemented with HGF. This decrease
was evident as early as 12 hr after plating and remainedlowed over time in cohort experiments. Cells with the
neuroblast morphology were often observed to divide, significantly lower at 24 and 48 hr (p values ranging
between 0.05 and 0.0005 at each time point, t tests).whereas cells with the neuron morphology were never
observed to divide. Because neuroblasts exhibit a vari- The number of neuroblasts that differentiated into neu-
rons was not significantly increased by HGF comparedety of neuron-like characteristics (Cohen, 1974; Roth-
man et al., 1978, 1980; Anderson and Axel, 1986; Rohrer with control cultures (Figure 2B). Similar effects of anti-
HGF on suppressing neuroblast differentiation were ob-and Thoenen, 1987; DiCicco-Bloom and Black, 1988;
DiCicco-Bloom et al., 1990), it is not possible to use served in cultures set up from E12.5 and E14.5 SCG
(Figure 2C) and in a limited number of experiments es-a neuron-specific marker to distinguish neurons from
proliferating neuroblasts in cells of developing sympa- tablished from E12.5 and E13.5 thoracic paravertebral
sympathetic ganglia (TPG) (data not shown). These re-thetic ganglia. Over 90% of the cells in our dissociated
cultures of early sympathetic ganglia (E12.5 and E13.5) sults suggest that endogenously produced HGF accel-
erates sympathetic neuroblast differentiation.were neurofilament-positive neuroblasts or neurons.
Most of the remaining cells had a fibroblast-like mor- To confirm a requirement for HGF/Met signaling in the
differentiation of sympathetic neuroblasts, we studiedphology.
To investigate if HGF affects the differentiationof sym- neuroblast differentiation in cohorts established from
the SCG of wild-type embryos and embryos that arepathetic neuroblasts, cohorts of neuroblasts were iden-
tified in low density dissociated cultures of E12.5, E13.5, homozygous for a signaling mutation in the met gene
Neuron
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(metd/d), in which both phosphotyrosine residues that
act as multifunctional docking sites for SH2-containing
effectors are mutated (Maina et al., 1996). For these
studies, wild-type and homozygous mutant embryos
were littermates derived from crossing heterozygous
mice for the mutant met allele (i.e., metd/1 3 metd/1).
Whereas in cohorts established from the SCG of wild-
type mice there were substantially fewer neurons in
cultures containing anti-HGF, there were no significant
differences in the number of neurons in HGF-supple-
mented and anti-HGF±supplemented cohorts estab-
lished from metd/d mutant embryos (Figure 2D). In these
experiments, all data were collected and analyzed be-
fore determining the genotypes of embryos from which
Figure 3. HGF DoesNot Affect theProliferation of Sympathetic Neu-the cultures were established, and were therefore unin-
roblasts In Vitro and In Vivofluenced by observer bias. These results not only confirm
(A) Percentage of BrdU-positive nuclei of SCG neuroblasts culturedthat HGF/Met signaling plays a role in the differentiation
without additives (control), with 1.25 mg/ml of anti-HGF, or with 10of sympathetic neuroblasts but show that the anti-HGF
ng/ml of HGF. Dissociated cells from SCG were cultured with or
does not exert some nonspecific detrimental effect on without GFs in the presence of BrdU for 5 hr after an initial plating
the differentiation of sympathetic neuroblasts, since it period of 3 hr. After fixation, the cells were stained for nuclear
does not decrease thenumber of neuroblasts that differ- incorporation of BrdU and the nuclei were counterstained with DAPI.
There were similar numbers of BrdU-positive nuclei in control cul-entiate in cultures established from metd/d embryos.
tures compared to those supplemented with anti-HGF or HGF. Nu-
clei of fibroblast-like cells were not included in the analysis.
(B) Percentage of BrdU-labeled nuclei of SCG dissociated neuronsHGF/Met Signaling Does Not Affect Sympathetic
from E12.5 wild-type and metd/d mutant embryos. Pregnant miceNeuroblast Proliferation were injected with BrdU on E12.5 and sacrificed after 8 hr. Dissoci-
Early sympathetic ganglia contain large numbers of pro- ated SCG neurons were cultured for 3 hr before staining with FITC-
liferating sympathetic neuroblasts. To investigate if HGF labeled anti-BrdU and counterstained with DAPI.
affects the proliferation of these cells, BrdU incorpora-
tion was studied in vitro and in vivo.
For in vitro incorporation, dissociated cultures of HGF/Met Signaling Promotes the Survival
of Sympathetic Neuroblasts but NotE12.5, E13.5, and E14.5 SCG cells were grown for 5 hr
with BrdU with or without additives after an initial plating Postmitotic Neurons
To determine if HGF affects the survival of sympatheticperiod of 3 hr. The cells were then fixed and stained for
nuclear incorporation of BrdU. The percentage of cells neuroblasts and neurons, we followed the fates of indi-
vidual sympathetic neuroblasts and neurons in cohortincorporating BrdU in these cultures fell from just over
30% at E12.5 to just over 10% at E14.5 (Figure 3A). This cultures to determine how long they survived under dif-
ferent experimental conditions. In these experiments,accords with the decrease in the number of proliferating
sympathetic neuroblasts with age in the SCG. At each cohorts of neuroblasts and neurons were identified 6 hr
after plating, and each cell in these cohorts was followedage, there were similar numbers of BrdU-positive cells
in control cultures (no added factors) and cultures sup- at intervals up to 72 hr in culture. Figure 4A plots the
number of SCG sympathetic neuroblasts that die priorplemented with anti-HGF or HGF (Figure 3A). To test if
HGF would cooperate with NGF to induce proliferation to differentiating into neurons. After 12 hr, neither anti-
HGF nor HGF affected the number of dying cells in theseof sympathetic neuroblasts, cultures were set up con-
taining NGF, NGF plus anti-HGF, and NGF plus HGF. cohorts. However, by 24 and 48 hr, significantly more
neuroblasts had died in cultures containing anti-HGFThe number of BrdU-positive cells was very similar at
each age to the data shown in Figure 3A (other data not than in control cultures or cultures supplemented with
HGF (p values ranging between 0.04 and 0.0001, t tests).shown). These results suggest that HGF does not affect
the proliferation of neuroblasts in culture. There were, however, no significant differences in the
number of dying neuroblasts in controls and HGF-sup-For in vivo incorporation, BrdU was injected into the
peritoneum of pregnant metd/1 females that had been plemented cultures at any of these time points (p . 0.05,
t tests). Similar results were obtained in cohort studiesmated with metd/1 males 12.5 days earlier. Eight hours
after injection, the females were killed by cervical dislo- of early thoracic sympathetic neuroblasts (data not
shown). These results suggest that endogenously pro-cation, and separate dissociated cultures of SCG cells
were established from each embryo. After 3 hr incuba- duced HGF enhances thesurvival of sympathetic neuro-
blasts. The finding that anti-HGF did not increase thetion in defined medium without additives (sufficient time
for all cells to attach firmly to the substratum), the cells number of dying neuroblasts in cultures established
from metd/d embryos (data not shown) indicates that anti-were fixed and stained for nuclear incorporation of BrdU.
Figure 3B shows that in cultures established from both HGF does not exert some nonspecific toxic effect on
sympathetic neuroblasts.wild-type and metd/d embryos, very similar numbers of
cells were BrdU-positive (just over 50% in both cases). In contrast to sympathetic neuroblasts, HGF does not
affect the survival of differentiated sympathetic neurons.These results indicate that Met signaling does not regu-
late neuroblast proliferation in vivo. Figure 4B shows that there was no significant difference
Met Signaling in Sympathetic Neuron Development
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Figure 4. HGF Promotes the Survival of Sympathetic Neuroblasts but Not Postmitotic Neurons
(A) Percentage of SCG sympathetic neuroblasts that die prior to differentiating into neurons. The cohorts of neuroblasts identified at 6 hr after
plating were followed in culture at intervals up to 48 hr, without additives (control), with 1.25 mg/ml of anti-HGF, or with 10 ng/ml of HGF. By
24 and 48 hr, there were more neuroblasts dying in cultures containing anti-HGF compared to control cultures or in the presence of HGF.
(B and C) Percentage of postmitotic sympathetic neurons dying at different times in cultures supplemented with NGF (2 ng/ml) plus anti-HGF
(1.25 mg/ml), with NGF plus HGF (10 ng/ml) (B), with anti-HGF, or with HGF (C). The cohorts of differentiated neurons identified at 6 hr after
plating were followed in culture at intervals up to 72 hr. HGF does not affect the survival of postmitotic neurons. The means and standard
errors of serial numbers of surviving neuroblasts or neurons of between 70 and 100 neurons in each experimental group (compiled from three
separate experiments) are shown.
in the number of sympathetic neurons that die in cohorts of pyknotic nuclei in the SCG of metd/d embryos com-
pared with wild-type embryos (p , 0.005, t test, n 5 12,grown with NGF plus anti-HGF compared with those
grown with NGF plus HGF at all time points from 12±72 Figure 5G). In addition to recognizing apoptotic cells by
histological criteria, apoptotic cells were also labeled inhr in culture (p . 0.05, t tests). Although sympathetic
neurons die more rapidly in the absence of NGF, neither a limited number of embryos by TdT-mediated dUTP±
biotin nick end label (TUNEL) staining. The number ofanti-HGF nor HGF affected the rate at which they die
(Figure 4C). These experiments therefore clearly demon- TUNEL-positive cells was also clearly greater in the SCG
of metd/d embryos compared with wild-type embryos,strate that HGF alone or in combination with NGF does
not affect the survival of sympathetic neurons. both at E13.5 (data not shown) and E14.5 (Figures 5C
and 5D). These results suggest that in the absence of
Met signaling an increased proportion of neuroblastsDefective Met Signaling In Vivo Increases
undergoes apoptosis in the early SCG, and this is re-Sympathetic Neuroblast Apoptosis
flected in a reduction in the total number of cells in thisand Reduces SCG Size
ganglion.To determine if the in vitro effects of HGF/Met signaling
on sympathetic neuroblast survival are physiologically
relevant, we carried out a comparative histological study HGF/Met Signaling Enhances the Growth
of Sympathetic Neuritesof the early SCG of wild-type and metd/d embryos. Em-
bryos were prepared for routine histology, and the total To investigate if HGF affects the growth of neurites ema-
nating from sympathetic neurons, drawings were madenumber of cells and the number of cells with pyknotic
nuclei were counted in serial sections of the SCG. At of neurons grown with NGF alone, NGF plus anti-HGF,
and NGF plus HGF. The total length of each neurite arborE14.5, when the SCG consists mainly of sympathetic
neuroblasts, the cross-sectional area of the SCG of was measured at intervals by digitizing the drawings. To
avoid any confusion about which neurites emanatedmetd/d embryos was smaller than that of wild-type em-
bryos (Figures 5A and 5B), and there was a statistically from each cell body, the neurons were grown at very
low density so that their neurite arbors did not overlap.significant reduction of 40% in cell number (p , 0.001, t
test, n 5 11; Figure 5H). The difference in cross-sectional To avoid the effects of HGF on neuronal differentiation
and survival biasing the data, serial drawings were madearea between metd/d and wild-type embryos was even
more pronounced at E16 (Figures5E and 5F). To exclude of the same neurons between 3 and 72 hr (Davies, 1989),
and only neurons that survived throughout this periodthe possibility that the reduction in the size of the SCG
in metd/d embryos is a nonspecific secondary conse- were included in the analysis (Hilton et al., 1997).
After 48 hr in culture, the lengths of the neurite arborsquence of the placental defect in these embryos, we
counted the number of neurons in the nodose ganglia of SCG neurons (Figure 6A) and TPG neurons (Figure
6B) grown with HGF plus NGF were significantly greater(a cranial sensory ganglion that lies next to the SCG)
in E14.5 wild-type and metd/d embryos. There was no than those of neurons grown with NGF plus anti-HGF
at all ages studied (E12.5, E13.5, E14.5, and E15.5; p ,statistically significant difference in the number of neu-
rons in the nodose ganglia of metd/d and wild-type em- 0.0005 in all cases, t tests). The difference in neurite
arbor length was most marked in E14.5 TPG neuronsbryos (p 5 0.4, t test, n 5 12; Figure 5I).
There was a significant (79%) increase in the number whose neurites were on average 2-fold longer in the
Neuron
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incubated in the presence of NGF, E14.5 TPG neurons
were grown with a constant level of NGF (2 ng/ml) plus
HGF over a wide range of concentrations (Figure 6C).
The neurite arbors of NGF-supplemented neurons were
significantly longer in the presence of HGF at concentra-
tions of 80 pg/ml and greater (p , 0.02, t tests) but not
at lower concentrations. To ascertain the concentration
range of NGF over which HGF enhances neurite growth,
E14.5 TPG neurons were grown with a constant level of
HGF (10 ng/ml) plus NGF over a wide range of concentra-
tions (Figure 6D). The neurite arbors of HGF-supple-
mented neurons were significantly longer in the pres-
ence of NGF at concentrations ranging from 0.4±10 ng/
ml (p , 0.005, t tests) but not at concentrations above
and below these. Similar results were obtained from
cultures of E14.5 SCG neurons (data not shown). These
results indicate that NGF and HGF cooperate in regulat-
ing neurite growth over a particular combination of con-
centration ranges.
Figure 6E shows the increase in neurite arbor length
with time in culture. After 24 hr, there was no significant
difference in neurite arbor length between neurons
grown with HGF and anti-HGF (p . 0.05, t test); however,
between 24 and 48 hr, the neurite arbor length increased
much more rapidly in the presence of HGF, resulting in
significantly longer neurites in HGF-supplemented cul-
tures at 48 and 72 hr (p , 0.0001, t tests). The data
shown for E14.5 SCG neurons at different times in cul-
ture (Figure 6E) are typical for other cultures of sympa-
thetic neurons (data not shown).
To confirm a requirement for Met signaling in mediat-
ing the effects of HGF on neurite growth, we studied
the neurite arbors of sympathetic neurons of wild-type
embryos and metd/d signaling mutant embryos. Whereas
the neurite arbors of SCG neurons (Figure 6F) and TPG
neurons (Figure 6G) from wild-type embryos were signif-
icantly longer in medium containing NGF plus HGF than
in medium containing NGF plus anti-HGF (p , 0.0001,
t tests), there was no significant difference in the length
of neurite arbors of SCG and TPG neurons from metd/d
embryos grown in medium containing NGF plus HGFFigure 5. Met Signaling Is Required for Sympathetic Neuroblast
Survival In Vivo compared to mediumcontaining NGF plusanti-HGF (p .
Photomicrographs of equivalent cross-sections of SCGs from E14.5 0.05, t tests). Moreover, there was no significant differ-
(A±D) and E16.0 (E and F) wild-type (1/1) (A, C, and E) and metd/d ence in the length of neurite arbors of neurons from
mutant embryos (B, D, and F) stained with cresyl violet (A, B, E, and metd/d embryos compared to neurons from wild-type
F) or by the TUNEL technique (C and D). Note the decrease in size
embryos grown with NGF plus anti-HGF (p . 0.05 inand the increase in TUNEL-positive cells in metd/d mutant SCGs.
all cases, t tests). These results suggest that HGF/Met(G, H, and I) Quantitative analysis of the number of pyknotic nuclei
signaling plays a role in enhancing the overall length of(G) and the number of neurons in SCG (H) and nodose ganglia (I)
derived from E14.5 wild-type (1/1) and metd/d mutant embryos. sympathetic neurite arbors and show that the anti-HGF
does not exert a nonspecific detrimental effect on neu-
rite growth, since it does not decrease neurite length in
presence of HGF plus NGF. Although the neurite arbors cultures established from metd/d embryos.
of neurons growing with anti-HGF plus NGF were gener-
ally shorter than those of neurons growing with NGF
alone, these differences were not significant (p . 0.05, HGF/Met Signaling Increases the Number
of Branch Points in Sympathetic Axonst tests) in all cases except for E14.5 and E15.5 SCG
neurons (p , 0.05, t tests). In addition to enhancing the overall length of the neurite
arbor emanating from developing sympathetic neurons,HGF alone had no effect on neurite length. There was
no significant difference in the lengths of neurite arbors HGF increased the number of branch points in the neu-
rite arbors of these neurons. After 48 hr in culture, theof neurons grown in control cultures and neurons grown
with HGF at concentrations ranging from 3.2 pg/ml to number of branch points in the neurite arbors of TPG
neurons (Figure 7A) and SCG neurons (data not shown)50 ng/ml (Figure 6C). To ascertain the concentration at
which HGF begins to enhance the growth of neurites grown with NGF plus HGF were significantly greater than
Met Signaling in Sympathetic Neuron Development
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Figure 6. HGF Enhances Neurite Outgrowth
of Sympathetic Neurons
(A and B) SCG and TPG dissected ganglia
were trypsinised, dissociated, and cultured
with NGF alone (2 ng/ml), NGF plus anti-HGF
(1.25 mg/ml), or NGF plus HGF (10 ng/ml).
Neurons were identified 6 hr after plating, and
serial drawings were made at regular inter-
vals. After 48 hr in culture, the neurite out-
growth of SCG (A) and TPG (B) neurons that
were cultured with NGF plusHGF were signif-
icantly greater than those of neurons grown
in NGF alone or NGF plus anti-HGF at all ages
studied.
(C and D) Dose responses of the HGF effect
on E14.5 TPG neurons. (C) shows neurite
length in the presence of constant levels of
NGF (2 ng/ml) plus HGF over the indicated
range of concentrations. (D) shows neurite
length in the presence of constant levels of
HGF (10 ng/ml) plus NGF over the indicated
range of concentrations.
(E) Neurite outgrowth of E14.5 SCG over 72
hr in culture. After 24 hr in culture, there was
no significant difference in outgrowth of neu-
rons cultured with NGF plus HGF or with NGF
plus anti-HGF. However, after 48 and 72 hr
in culture, neurons grown with HGF show sig-
nificantly longer neurites than those grown in
anti-HGF.
(F and G) Neurite outgrowth from E14.5 wild-
type and metd/d embryos after 48 hr. The neu-
rites of neurons from wild-type embryos were
significantly longer in cultures containing
NGF plus HGF than in cultures containing
NGF plus anti-HGF. There was no significant
difference in neurite length of SCG (F) or TPG
(G) neurons from metd/d embryos grown in cul-
ture containing NGF plus HGF compared to
cultures containg NGF plus anti-HGF. The
means and standard errors of serial measure-
ments of between 70 and 122 neurons in each
experimental group (compiled from three
separate experiments) are shown.
those of neurons grown with NGF plus anti-HGF at all metd/d signaling mutation. Whereas the neurite arbors of
TPG neurons (Figure 7B) and SCG neurons (data notages studied (E12.5, E13.5, E14.5, and E15.5; p , 0.0005
in all cases, t tests). The difference in neurite branching shown) from wild-type embryos were significantly more
branched in medium containing NGF plus HGF than inwas most marked in E14.5 TPG neurons whose neurites
contained over twice as many branch points in the pres- medium containing NGF plus anti-HGF (p ,0.0001, t
tests), there was no significant difference in the numberence of HGF plus NGF. There was no significant differ-
ence in the branching of neurites from neurons grown of branch points in the neurite arbors of SCG and TPG
neurons from metd/d embryos grown in medium con-with anti-HGF plus NGF and neurons grown with NGF
alone at all ages (p . 0.05, t tests). There was no signifi- taining NGF plus HGF and in medium containing NGF
plus anti-HGF (p . 0.05, t tests). There was also nocant difference in the number of branches in the arbors
of neurons grown with HGF and anti-HGF after 24 hr significant difference in the number of branches in the
neurite arbors of neurons from metd/d embryos com-(p . 0.1, t test), and between 24 and 48 hr, the number
of branches increased much more rapidly in the pres- pared to neurons from wild-type embryos grown with
NGF plus anti-HGF (p . 0.05 in all cases, t tests). Theseence of HGF, resulting in significantly more branches in
HGF-supplemented cultures at 48 hr (p , 0.01, t test) results suggest that HGF/Met signaling plays a role in
enhancing the branching of sympathetic neurite arbors.and 72 hr (p , 0.0001, t test) (data not shown).
To confirm a requirement for Met signaling in mediat- The increased number of branch points in the neurite
arbors of sympathetic neurons may be due to a directing the effects of HGF on neurite branching, we studied
the neurite arbors of sympathetic neurons of wild-type effect of HGF on branching itself or may be secondary
to the overall increase in the size of neurite arbors inembryos and embryos that are homozygous for the
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Figure 7. HGF Enhances Neurite Branching
and Increases the Number of Neurites Grow-
ing from the Cell Body
(A) Neurons from TPGwere cultured with NGF
alone (2 ng/ml), NGF plus anti-HGF (1.25 mg/
ml), or NGF plus HGF (10 ng/ml), identified 6
hr after plating, and serial drawings were
made at regular intervals. After 48 hr in cul-
ture, the number of branch points in the neu-
rite arbors of TPG neurons that were cultured
with NGF plus HGF were significantly greater
than those of neurons grown in NGF alone or
NGF plus anti-HGF at all ages studied.
(B) Neurite branching from E14.5 wild-type
and metd/d TPG neurons after 48 hr. The neu-
rite arbors of TPG neurons from wild-type em-
bryos were significantly more branched in
cultures containing NGF plus HGF than in cul-
tures containing NGF plus anti-HGF. There
was no significant difference in the number
of branch points in the neurite arbors of TPG
neurons from metd/d embryos grown in culture
containing NGF plus HGF compared to cul-
tures containing NGF plus anti-HGF.
(C) In TPG cultures supplemented with NGF
plus anti-HGF, there were more unipolar neu-
rons, whereas in cultures supplemented with
NGF plus HGF there were more tripolar
neurons.
(D and E) Typical appearance of E14.5 sym-
pathetic neurons grown for 48 hr with NGF
plus anti-HGF (D) and NGF plus HGF (E). The
neurite length of neurons grown with NGF
plus HGF were significantly greater and con-
tained more branch points than neurons cul-
tured with NGF plus anti-HGF.
the presence of HGF (see above). If HGF has a direct neurons in cultures supplemented with NGF plus HGF
than in cultures supplemented with NGF alone or witheffect on branching, one would expect branch points
to occur with increased frequency with distance along NGF plus anti-HGF (Figure 7C). The typical appearances
of E14.5 SCG neurons grown for 48 hr with NGF plusaxons, whereas if the increase in branch points is sec-
ondary to an overall increase in thesize of neurite arbors, anti-HGF and NGF plus HGF are shown in Figures 7D
and 7E.one would expect no difference in the intervals at which
branch points occur. To distinguish between these pos-
sibilities, we measured the distance between the cell Discussion
body and the first branch point in each neurite and the
distance between subsequent branch points. These re- We have shown that HGF/Met signaling exerts a variety
of specific effects on the development of sympatheticspective distances were not significantly different for
neurons growing with NGF plus either HGF or anti-HGF neuroblasts and neurons of the paravertebral sympa-
thetic chain both in vitro and in vivo. Experiments inin cultures of SCG and TPG established at E12.5, E13.5,
E14.5, and E15.5 (p . 0.05 in all cases, t tests). This which the fates of individual cells were carefully followed
over time in culture clearly demonstrated that HGF/Metanalysis indicates that the greater number of branch
points in the arbors of neurons growing with HGF is signaling affects sympathetic neuroblast differentiation
and survival (Figure 8). Consistent with these data, insecondary to the effect of HGF on enhancing axonal
growth. the early SCG of homozygous metd/d mutant embryos
there is an increased proportion of neuroblasts undergo-Although HGF does not have a direct effect on in-
creasing the frequency with which an axon branches, it ing apoptosis and a progressive reduction in the total
number of cells.does increase the number of neurites that emerge from
the cell bodies of cultured sympathetic neurons. In cul- Anti-HGF reduced the number of neuroblasts that dif-
ferentiated into neurons in culture and increased thetures set up from SCG and TPG, there were more unipo-
lar neurons in cultures supplemented with NGF plus number of neuroblasts that died before differentiating.
Both effects of anti-HGF were not observed in neuro-anti-HGF than in cultures supplemented with NGF alone
or with NGF plus HGF, whereas there were more tripolar blasts obtained from metd/d embryos, indicating that Met
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BDNF oligonucleotides. These antisense oligonucleo-
tides do not, however, affect the survival of early DRG
neurons, suggesting that the BDNF autocrine loop is
not required for survival at this stage (Wright et al., 1992).
Similar experiments with antisense BDNF oligonucleo-
tides carried out on adult DRG neurons suggest that a
BDNF autocrine loop maintains the survival of a subset
of these older neurons (Acheson et al., 1995). There is
some evidence that another neurotrophin, NT-3, may
be required for the survival of sensory neuron progenitor
cells. It has been reported that the majority of cells
undergoing apoptosis in the early DRG of NT-3-/- em-
bryos (recognized by TUNEL labeling) had also incor-
porated BrdU administered 5 hr earlier (ElShamy and
Ernfors, 1996). However, in another study, no BrdU-
positive/TUNEL-positive cellswere observed in theearly
DRG of NT-3-/- embryos, although BrdU-positive/neuro-
filament-positive cells were observed (Farinas et al.,
1997).
Although we have shown that HGF/Met signaling by
endogenous HGF affects the survival and differentiation
of sympathetic neuroblasts, neither anti-HGF nor HGF
affects the proliferation of sympathetic neuroblasts in
vitro, and neuroblast proliferation is unchanged in metd/d
embryos in vivo. These results indicate that HGF does
not play a role in regulating sympathetic neuroblast pro-
Figure 8. Multiple Roles of HGF in Sympathetic Neuron Devel- liferation. A variety of growth factors are, however,
opment known to influence sympathetic neuroblast proliferation,
While HGF enhances the survival and differentiation of sympathetic including IGF-I (DiCicco-Bloom and Black, 1988), EGF,
neuroblasts, HGF does not affect the survival of postmitotic NGF- bFGF (DiCicco-Bloom et al., 1990), and VIP (Pincus et
dependent sympathetic neurons. HGF is, however, able to synergize
al., 1990), which increase proliferation, and CNTF, whichwith NGF in promoting axonal outgrowth of sympathetic neurons.
decreases proliferation (Ernsberger et al., 1989b).
Previous studies have shown that HGF is effective on
signaling is required for these effects and that anti-HGF its own in promoting the survival of cultured motoneu-
does not exert a nonspecific detrimental effect on the rons (Ebens et al., 1996; Wong et al., 1997; Yamamoto
survival and differentiation of progenitor cells. Because et al., 1997) and that HGF cooperates with NGF, but not
HGF and Met are expressed in sympathetic ganglia from with BDNF or NT-3, in enhancing the survival of DRG
the earliest stages of their development and Met protein sensory neurons in vitro (Maina et al., 1997). In contrast,
are expressed by neuroblasts and neurons in early sym- although we have implicated endogenous HGF in en-
pathetic ganglia, it is likely that neuroblast survival and hancing the survival of sympathetic neuroblasts, the
differentiation is enhanced by HGF produced by the survival of differentiated sympathetic neurons is unaf-
cells themselves. Interestingly, added HGF does not fected by anti-HGF and is not enhanced by HGF alone.
furtherenhance neuroblast survival and differentiation in Furthermore, HGF does not enhance thesurvival of sym-
these cultures, suggesting that endogenously produced pathetic neurons growing in the presence of NGF.
HGF is maximally effective in enhancing neuroblast sur- We observed that HGF increased the number of neu-
vival and differentiation. Endogenously produced HGF rites that grew from the cell bodies and increased the
may act by an autocrine or paracrine mode on neuro- overall length and number of branch points in the neurite
blasts in early sympathetic ganglia. Although we have arbors of sympathetic neurons. Analysis of the intervals
not been able to distinguish between these two modes between branch points indicated that the increase in
of action in our culture system, the fact that the effects the number of branch points in the presence of HGF
of anti-HGF were observed in extremely low density was secondary to the increase in the overall size of the
cultures would favor an autocrine mode. neurite arbors. All of these effects of HGF are dependent
An autocrine role for the neurotrophin BDNF in the on Met signaling. In contrast to the lack of effect of
early stages of neuronal differentiation has previously added HGF on neuroblast survival and differentiation,
been reported in early DRG sensory neurons that ex- the largest changes in neurite growth and branching
press BDNF mRNA in vivo (Wright et al., 1992). During were observed in cultures supplemented with HGF (as
the earliest stages of their development, these neurons opposed to those treated with anti-HGF). This suggests
undergo a clearly recognizable morphological change. that HGF from sources other than the neurons them-
Initially, they have small, spindle-shaped, phase-dark selves has the potential to regulate sympathetic axon
cell bodies and short neurites and subsequently develop growth and branching in vivo.
spherical, phase-bright cell bodies and extend long neu- HGF has recently been shown to enhance neurite out-
rites. This change, which takes place in single cell cul- growth from DRG neurons cultured in the presence of
NGF but not when these neurons are grown with BDNFtures, is accelerated by BDNF and retarded by antisense
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Immunodetection of Met on Cultured SCG Neuronsor NT-3 (Maina et al., 1997). It is interesting to note that
E14.5 SCG explants anddissociated sympathetic neurons from SCGthe HGF effects occur in the population of sensory and
were fixed in 0.2% glutaraldehyde in PBS, washed with PBS, fixedsympathetic neurons that are preferentially dependent
in methanol, washed in PBS followed by PBS plus 0.3% Tween, and
on NGF but not in the sensory neurons located in the incubated with blocking solution for 30 min and with primary anti-
nodose ganglia that are preferentially dependent on body for 1 hr. The antibodies used were anti-mouse Met (polyclonal
sc-162, Santa Cruz), anti-human Met (affinity-purified polyclonalBDNF. This observation indicates that theeffects of HGF
sc-161, Santa Cruz) and affinity-purified fluorescein (FITC) -conju-are not attributable to generalized increased fitness of
gated goat anti-rabbit (Jackson Immunoresearch Laboratories).sensory and sympathetic neurons. It would be particu-
Anti-human Met antibodies gave a strong signal on human Met-larly interesting to understand how these synergisms
expressing A549 cells and a much weaker signal on mouse Met-
occur in terms of signaling pathways. Are Met and TrkA expressing C2C12 cells, indicating weak cross-reactivity with
activating different pathways or enhancing the level of mouse Met. The same, although reciprocal, staining pattern was
activation of one or more pathways, or do they have a obtained with anti-mouse Met antibodies. Anti-human Met antibod-
ies consistently gave very weak staining on neurons derived fromsynergistic effect on the kinetics of activation? Addi-
wild-type mice but strong staining on mutant neurons expressingtional Met signaling mutants will help to define this coop-
human Met. For neutralization, the antibodies against Met wereeration further.
incubated for 2 hr at room temperature with a 10-fold excess of the
In summary, this study reports multiple effects of HGF/ corresponding peptide antigen. The nuclei were counterstained with
Met signaling on sympathetic neuroblasts and neurons. the nuclear dye DAPI.
HGF regulates differentiation and survival of sympa-
thetic neuroblasts and has the potential to enhance axo- Neuronal Cultures
Cervical SCG and thoracic paravertebral sympathetic ganglia fromnal growth of NGF-dependent sympathetic neurons.
E12.5±E17.5 embryos were trypsinized, dissociated, and plated inThis suggests that HGF can act in an autocrine and
defined, serum-free medium in tissue-culture dishes that had beenparacrine manner to regulate sympathetic neuron devel-
coated with poly-L-ornithine and laminin (Wyatt et al., 1997). Purifiedopment during embryogenesis.
recombinant human HGF and NGF (Genentech) were used at con-
centrations of 10 ng/ml and 2 ng/ml, respectively. Function-blocking
Experimental Procedures polyclonal anti-HGF antibodies (RandD System) were used at a dilu-
tion of 1.25 mg/ml.
Embryos To study neuroblast differentiation, the fates of individual imma-
Generation and initial phenotypic analysis of metd/d knock-in mutant ture sympathetic neurons (those with a small, phase-dark cell body
mice were previously described (Maina et al., 1996, 1997). To investi- and short neurites) were followed at intervals in culture to determine
gate the significance of Met signaling in the development of sympa- when they assumed a mature appearance (large, phase-bright cell
thetic neurons, we compared in vitro development of neurons ob- body and long processes). Cells were plated at low density (200±500
tained from wild-type and mutant embryos in which Met was per dish) in 35 mm petri dishes with a 9 3 9 mm grid for serially
replaced with loss-of-function versions of the receptor that are im- identifying individual neurons by their location. To study neuronal
paired in signal transduction (metd/d) (Maina et al., 1996). Embryos survival, the total number of neurons within a 144 mm2 grid was
were obtained from overnight matings of heterozygous mice. Preg- counted at intervals in culture, starting 6 hr after plating. To distin-
nant females were killed by cervical dislocation at the required stage guish survival effects from changes in proliferation of neuroblasts,
of gestation. DNA was extracted from embryonic tissues to deter- the fates of individual neurons were also followed serially in many
mine the genotypes of embryos by PCR using primers specific for
culture experiments. Only neuroblasts and neurons were counted
the wild-type and mutated met alleles.
in these studies (fibroblast-like cells in these cultures were not in-
cluded in the analysis).
RT-PCR Detection of Met and HGF mRNAs in Developing SCG
To study neurite growth and branching, accurate serial drawingsA semiquantitative RT-PCR assay was used to determine the ex-
of the same neurons were made with the aid of a drawing tube frompression pattern of Met and HGF mRNAs in the SCG from E13±E18.
which measurements were subsequently made with the aid of aRNA was extracted from three to five ganglia of each age using the
computer-linked digitalizing tablet (Davies, 1989). The neurons weremethod of Chomczynski and Sacchi (1987). Following extensive
plated at very low density (20±60 per dish) in 35 mm petri dishesDNase treatment, total RNA was further purified using an RNAID kit
that had a 9 3 9 mm grid drawn on their under-surface. The position(Bio 101) and recovered in 100 ml of water. Quantitative, competitive
of neurons in this grid was recorded 6 hr after plating and serialRT-PCR was used to determine the amount of mRNA for the
drawings were made at intervals for 48 hr. To exclude any differ-housekeeping protein GAPDH in each RNA sample (Wyatt et al.,
ences in axonal growth rate that could arise as a consequence of1997), thus allowing total RNA samples from E13±E18 SCG to be
differences in neuronal viability, only neurons that survived through-appropriately diluted so that they contained the same concentration
out the culture period were included in the analysis. Between 40±150of GAPDH mRNA. Two microliters of each diluted total RNA sample
neurons were drawn and analyzed for each experimental condition.was reverse transcribed in a 40 ml reaction using Superscipt reverse
transcriptase (Life Technologies) with random hexamers as primers.
In Vitro and In Vivo Bromodeoxyuridine LabelingSeparate 5 ml aliquots of each RT mix were PCR amplified using
To study neuroblast proliferation in vitro, cells were grown in 11 mm32P-end±labeled primers specific for either met or HGF cDNAs in a
diameter wells of four-well dishes (Greiner), with or without GFs, in50 ml reaction containing 2 U. of Taq Supreme (MBI-Fermantas).
the presence of BrdUfor 5 hr after an initial plating period of 3 hr. TheFollowing electrophoresis on 8% nondenaturing polyacrylamide
cells were fixed with formalin and then washed with PBS followed bygels, 32P-labeled Met (68 bp) and HGF (107 bp) RT-PCR products
PBS plus 0.5% Triton X-100 before incubating with 2 M HCl pluswere visualized by autoradiography. The optimum number of PCR
0.5% Triton X-100. After washing with PBS and postfixation withcycles required to amplify met and HGF cDNAs was previously
formalin, the cells were blocked with PBS plus 0.2% gelatin fordetermined in pilot PCR amplifications set up to ensure that the
15 min and incubated for 1 hr with anti-bromodeoxyuridine FITC-PCR reaction was in its log phase. The forward primer used to
conjugated antibodies (monoclonal 102±693, Boehringer Mann-amplify met cDNA was 59-CCAGTCCTATATTGATGTC-39 and the
heim). The nuclei were counterstained with the nuclear dye DAPI.reverse primer was 59-TTCGAAGGCATGTATGTAC-39. The forward
The proportion of labeled neurons was subsequently assessed byprimer used to amplify HGF cDNA was 59-CCATGAACACAGCTAT
fluorescence microscopy. Less than 5% of the cells in these culturesCGC-39 and the reverse primer was 59-TAGCGTACCTCTGGATTGC-
were fibroblasts; labeling of these cells was ignored.39. Both cDNAs were amplified using the following cycling condi-
To study neuroblast proliferation in vivo, pregnant females weretions: 1 min at 958C, followed by 1 min at 508C, followed by 1 min
at 688C. met was amplified for 28 cycles and HGF for 26 cycles. intraperitoneally injected with BrdU (75 mg/g of body weight) on
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E12.5 (9 a.m.) and killed after 8 hr by cervical dislocation. Dissociated Davies, A.M., Minichiello, L., and Klein, R. (1995). Developmental
SCG neuron cultures were grown in four-well dishes for 3 hr before changes in NT3 signalling via TrkA and TrkB in embryonic neurons.
staining with FITC-labeled anti-BrdU and DAPI. EMBO J. 14, 4482±4489.
DiCicco-Bloom, E., and Black, I.B. (1988). Insulin growth factors
Histology regulate the mitotic cycle in cultured rat sympathetic neuroblasts.
Embryos were fixed in 4% paraformaldehyde in 0.1 M phosphate Proc. Natl. Acad. Sci. USA 85, 4066±4070.
buffer (pH 7.3), embedded, serially sectioned at 7 mm, and stained
DiCicco-Bloom, E., Townes-Anderson, E., and Black, I.B. (1990).with cresyl fast violet. The total number of cells in the SCG (mostly
Neuroblast mitosis in dissociated culture: regulation and relation-neuroblasts) and the total number of neurons in the nodose ganglia
ship to differentiation. J. Cell Biol. 110, 2073±2086.were determined by the method of Abercrombie (1946). Neurons in
Ebens, A., Brose, K., Leonardo, E.D., Hanson, M.G.J., Bladt, F.,the nodose ganglia were identified by virtue of Nissl substance and
Birchmeier, C., Barres,B.A., andTessier-Lavigne, M. (1996). Hepato-large, round, pale-stained nuclei.
cyte growth factor/scatter factor is an axonal chemoattractant and aTo evaluate the extent of cell death, all pyknotic nuclei were
neurotrophic factor for spinalmotor neurons. Neuron 17,1157±1172.counted at 4003 magnification in every fifth section along the entire
rostrocaudal extent of the SCG. Estimates were quantified as de- ElShamy, W.M., and Ernfors, P. (1996). A local action of neuro-
scribed previously (PinÄoÂ n et al., 1996). Correction was made for split trophin-3 prevents the death of proliferating sensory neuron precur-
nuclei. The total number of pyknotic nuclei in each ganglion was sor cells. Neuron 16, 963±972.
obtained by multiplying the sum of these counts by five. In situ
Ernfors, P., Lee, K.F., Kucera, J., and Jaenisch, R. (1994). Lack ofdetection of apoptosis was carried out as previously described
neurotrophin-3 leads to deficiencies in the peripheral nervous sys-(Maina et al., 1997). Apoptotic cells were detected as described in
tem and loss of limb proprioceptive afferents. Cell 77, 503±512.the In Situ Apoptosis Detection Kit, POD (Oncor). Sections were
Ernsberger, U., Edgar, D., and Rohrer, H. (1989a). The survival ofcounterstained with methyl green.
early chick sympathetic neurons in vitro is dependent on a suitable
substrate but independent of NGF. Dev. Biol. 135, 250±262.Acknowledgments
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